Abstract:An ultrawideband antenna array using a right-angled isosceles triangular microstrip antenna as a basic element is presented using inset feed for applications in the Internet of things. A Koch fractal antenna array with defected ground plane is used to generate multiband applications. Further, meander lines are added to increase the equivalent inductance that reduces the size of the antenna and increases the bandwidth and gain. Antenna arrays have been constructed and experimentally studied. The measured results show good agreement with the numerical prediction and wideband operation.
Introduction
In wireless communication systems for the ultrawideband (UWB) range such as aircraft, spacecraft, satellite, missile, and mobile radio applications in which high performance is required, low-profile antennas are necessary for the exchange of information. Microstrip patch antennas are used to meet these requirements [1, 2] . These antennas can be realized on printed-circuit technologies with relatively small substrate areas. The losses because of the transmission line, antenna, and standing waves are undesirable for better transmission. The standing waves can be reduced by matching the load of the antenna to the characteristic impedance of the line in order to achieve maximum power transfer. Various techniques have been used to achieve this matching by using substrate material that has a dielectric constant with high value, patches that have slots in them, fractals, defected ground structure, electronic band gap structures, metamaterials, and shorting pins and plates [3] [4] [5] [6] [7] . Apart from losses there are methods to improve the efficiency, bandwidth, and gain, which can be achieved by increasing the height of the dielectric substrate, decreasing the relative permittivity, and performing dual-band operations [8, 9] . A fractal antenna is commonly used for multiband applications. Applications like miniaturization and ultraband techniques can be provided by fractal geometry in antenna design due to its properties like self-similar space filling [10, 11] . Antenna radiation efficiency is thought to be improved by a large number of bends and corners in many such fractals. It was found that using fractal patches substantially decreases the mutual coupling between elements [12] [13] [14] .
The behavior of radiating patches in transmission networks has been improved by using array antennas as it increases the efficiency [15] [16] [17] . Array performance is affected by fractal type, spacing between elements, * Correspondence: vinitamathur12@gmail.com feed point location, and number of parasitic elements. However, current distribution, radiation pattern, and other characteristics are greatly affected by mutual coupling between elements [18] [19] [20] [21] .
In this paper a right-angled isosceles triangular microstrip antenna (RITMA) (45
feed as a basic element is designed first. It is fractured using the Koch fractal technique, and then meander lines are added to it. A planar array of 2 × 2 using this single patch as a basic element is designed for better results in terms of return loss, bandwidth, gain, and directivity. Details of the antenna design are described and simulation and experimental results of return loss, gain, and polar plots of the proposed antenna are presented.
Mathematical modeling
The resonance frequency of RITMA structure in TM mn mode is computed using Eq. (1) [22] .
Here ais the patch side length, c is the velocity of light in free apace, m and n are mode indices, and ε r is the reflective index of the substrate material. The effect of fringe fields is incorporated in the present analysis by replacing the dimension of the patch by effective side length a ef f in Eq. (1) as:
where q is evaluated by Eq. (3).
Here the effective reflective index of substrate material ( ε r,ef f ) is given by:
Here h is the height of the substrate. The resonant frequency can then be calculated as follows:
The area between the ground and the patch is treated as a cavity bounded by magnetic walls along the edges of the patch and electric walls above and below. The orthogonal edges are identical in length; therefore, the interior modes in the antenna will be TM mn modes to z. The electric field components within the substrate of this linearly polarized aerial are z-directed and the total electric field at the aperture of the aerial is written as the sum of the electric fields associated with modes. The solution of the wave equation for E Z in the cavity with excitation current in the z -direction is obtained after finding its eigenfunction ψ m , i.e.
Here ω is angular frequency, µ o is permeability in free space, and J z is excitation surface current density. k (wave number of the dielectric material) is given by the following:
Here tan δ is the loss tangent of the material.
The z-directed components of the electric field in the cavity of the patch reduces as shown in Eq. 8 [23, 24] .
E o is the electric field constant. Scaling, copying, and translation of the subarray are done to produce the fractal array. The total field (E T ) of the array implies the field of a single element, which is placed at the origin, increased by a factor; this factor is known as the array factor. To implement directive radiation patterns, it is crucial that the fields from the components of the array add in the desired directions and cancel each other in the remaining area [25] [26] [27] [28] .
For a linear array along the x-axis that has M elements, the array factor is given by:
where sin θ cos ϕ = cos γ is the directional cosine with respect to the x-axis. All elements are at equal intervals, i.e. d x and a dynamic shift β x .
I m1 denotes the magnitude of the element at the point with the following coordinates:
If the number of arrays is N and they are fixed in the y -direction, it gives rise to a rectangular array. The distance between elements is d y and the phase shift along each row is β y . The current distribution along the x-directed array is compatible but the complete value corresponds to a part of I 1n (n =1,. . . , N).
Therefore, the array factor for the entire array is given by the equation below.
Antenna design
The proposed antenna array structure is based on the Koch fractal concept up to the first iteration only; the complexity and the area of the patch are the factors that restricted us for further iterations. The antenna uses a microstrip line feed with inset cut as it provides better matching without any additional matching element. The configuration of the Koch fractal antenna array is shown in Figure 1 . It uses the Rogers RT5880-lossy (ϕ r = 2.2) as a substrate that has a height of 2.5 mm. For an electrically thin (h << λ 0 ) RITMA structure having the TM 10 mode for the antenna, the right isosceles triangle microstrip patch has a length of 4.4 cm, hypotenuse of 6 cm, and resonance frequency f r = 2.402 GHz, calculated using Eq. (1). The patch has a feed line of width W f = 2.5 cm and length L f = 5 cm, which is obtained by impedance matching of 50 Ω , and on the other side the ground plane has width W gnd = 7.6 cm and length L gnd = 4.4 cm, which is calculated after placing the array. A simple triangular patch array with inset feed and fractal shape does not give good results in terms of return loss, bandwidth, and gain. Matching needs to be achieved between the patch and feed line over an extensive frequency range for better results. This matching is achieved by clipping the ground plane. The inductive attribute of the patch is balanced by the capacitive load that arises by clipping the ground plane and finally pure resistive input impedance persists. Bandwidth and return loss levels are controlled by this clipping by adjustment in the capacitance that arises between the patch and the ground. Since the results were not satisfactory, we added meander line technology to further improve the return loss, which reduces the size of the antenna and allows wideband operation.
For the purpose of reducing the size of the transponder, a meander-line antenna is an attractive choice. This class of antennas provides the largest size reduction at a given frequency. In this design the outer horizontal meander line has a length of y1, the vertical meander line has length y2, the inner meander line has horizontal length y3 and vertical length y4, and the widths of meander lines are x1. These dimensions are decided based on the Koch fractal structure. The inner edges of the star shape are connected through it. The distance between the meander lines is 0.5 cm. The number of meander lines is limited as it increases the complexity of the structure.
Results and discussion
The designing of the array is the same as for a single patch and they all have the same parameters. We have coupled them in a plane by series and parallel coupling for enhancing the overall performance of the antenna because researches have proved that besides a single patch, an array has advantages like a wide band, increased gain, and bandwidth. The fabricated antenna array is shown in Figure 2 . At the first stage in the proposed antenna design the width of the feed was varied (W f ) as shown in Figure 3 and results were observed. By adopting a series-parallel feed technique, impedance bandwidth of 1.40 GHz is observed and circular polarization of the antenna array is greatly improved. The loss of the feed line is also reduced, and gain of the array as high as 9.60 dB is achieved correspondingly. The feed network consists of several two-way power dividers, which are designed to produce an impedance match at the array input. These variations in feed width are observed by keeping other parameters constant. The return loss (S 11 ) graph with different values of W f is observed over the frequency range of 1-11 GHz. The width of the feed decides the power distribution of the antenna. However, it cannot be increased beyond a certain limit as it increases the coupling effect. Here in this case the width is varied from 1.5 to 3 cm. It has been observed that keeping the width at 2.5 cm gives optimum results. In the second stage, the feed width of the single patch (W if ) is varied and results are shown in Figure   4 keeping the width of the feed constant. Again an inset fed feeding technique is chosen for individual patches because the input impedance of the antenna can be easily controlled by varying the feed length and width of the inset feed. Return loss improves when proper matching is done. By varying the width of the inset feed, we found that 0.6 cm gives optimum results. The equivalent diagram of the defected ground structure (DGS) is shown in Figure 5 . The equivalent diagram shows L and C parameters; however, there is no direct relation between dimensions of the DGS and values of passive components. The derived performance of the DGS is not fully predictable until the optimized solutions are achieved through a trial-and-error iterative process. Hence, the conventional methods reported in the literature [14, 15] are time-consuming and may not lead to optimum design. The impedance bandwidth could be further enhanced by applying different sizes of ground plane lengths. For this, variations in ground dimensions (x) were done as shown in Figure 6 . Further bandwidth and matching improvements can be obtained by adding meander lines. Group delay and phase plot are shown in Figures 7 and 8 , respectively. Nearly linear characteristics are observed for the proposed antenna. The flow chart of design steps is shown in Figure 9 . Table 1 shows the summary of characteristics of different structures. We can obtain a detailed analysis of the array with meander lines from Table 1 , which shows multiband behavior with better gain as compared to arrays without having meander lines. The 3D radiation pattern is shown in Figure 10 at different resonant frequencies. Figure 11 shows a graph between gain vs. frequency.
The return loss, resonance frequency, and input impedance measurements are carried out by using Vector Network Analyzer and its associated computer programs. During impedance measurements, due consideration was given to the accuracy enhancement technique to correct directivity, effective source matching, and frequency tracking errors. The measured resonance frequency of the array antenna using the network analyzer was found at around 2.9 GHz, 3.7 GHz, 6.9 GHz, and 10.35 GHz. The measured return loss and Smith chart for the designed antenna are shown in Figures 12 and 13 , respectively. Figure 14 shows the polar plot patterns at resonant frequencies. These patterns are measured by placing the antenna structure inside an anechoic chamber. The test antenna is mounted on an arrangement lying on a 
Conclusion
A RITMA planar array has been designed and successfully implemented that gives better results than a single element but shows a single band. By fracturing the antenna bands increase but gain decreases so various methods have been introduced to increase the gain. Utilizing meandered connecting lines, the equivalent inductance between electronic band gap elements is significantly increased. Therefore, reduced size and a wider band gap frequency are obtained as compared to conventional antennas. Increasing the turns in meander lines moves the resonant frequency lower and helps in achieving better impedance matching. The meandered slot position and dimensions are optimized to achieve band-notched behavior. At higher resonant frequency the distribution of surface current is varied around the slot. The measurement results are in good agreement with the simulated data.
